1. Introduction {#sec1-ijms-19-02103}
===============

As people are continuously exposed to radiofrequency electromagnetic fields (RF-EMFs) from mobile phone use in everyday life, which has increased over the last 10 years, cumulative exposure is also increasing. In addition, considering the proximity of mobile phones to the head, public concern regarding possible harm to the brain has been raised. RF-EMFs are known to interact with biological systems and may cause oxidative stress under certain circumstances. Many neurological diseases, including Alzheimer's disease and amyotrophic lateral sclerosis, are now recognized to share atypical inflammatory reactions as a major pathological feature \[[@B1-ijms-19-02103]\]. Neuroinflammation can be both a cause and a consequence of chronic oxidative stress. Since free radicals are essential for brain physiological processes and pathological degeneration, RF-EMFs may contribute to the etiology of neurodegenerative disorders.

Aging, a natural biological process, is manifested by gradual accumulation of oxidized biomolecules and damaged cell organelles, leading to progressive loss of structural and functional integrity and increased risk of mortality \[[@B2-ijms-19-02103]\]. Accumulating evidence indicates that oxidative stress is a major physiological inducer of aging \[[@B3-ijms-19-02103]\]. The brain produces highly reactive free radicals due to its high lipid content and higher oxygen demand and is the organ most affected by aging \[[@B4-ijms-19-02103]\]. In previous studies, increased levels of lipid peroxidation have been found in the inferior temporal cortex of the human brain \[[@B5-ijms-19-02103]\], as well as in the hippocampus and cerebellum of aged rodent brain \[[@B6-ijms-19-02103]\]. Increased levels of 4-hydroxy-2-nonenal (4-HNE) have also been found in Alzheimer's and Parkinson's disease \[[@B7-ijms-19-02103]\]; 4-HNE induces peroxidation of linoleic acid and is more stable and can lead to greater damage than can free radicals \[[@B8-ijms-19-02103]\]. Increased oxidation in the brain with age has been demonstrated by measuring levels of protein carbonyl groups in the human cerebral cortex, high levels of which were found in the hippocampus of elderly patients with memory loss. Measuring the 3-nitro-tyrosine (3-NT) protein level is another method of assessing the oxidative modification of proteins. Increased 3-NT levels have been identified in senescent monkey white matter, as well as in the aged brains of other animals \[[@B9-ijms-19-02103],[@B10-ijms-19-02103],[@B11-ijms-19-02103]\]. Furthermore, several studies have found increased levels of 8-hydroxy-2′-deoxyguanosine (8-OHdG) \[[@B12-ijms-19-02103],[@B13-ijms-19-02103]\], including in the postmortem brains of aged subjects \[[@B14-ijms-19-02103]\]. Moreover, brain aging is often associated with chronic and low-grade neurodegeneration and neuroinflammation \[[@B15-ijms-19-02103]\].

Currently, there is a debate regarding the effects of RF-EMFs on DNA damage; some studies have reported harmful effects \[[@B16-ijms-19-02103],[@B17-ijms-19-02103],[@B18-ijms-19-02103]\], while others have reported no significant influence \[[@B19-ijms-19-02103],[@B20-ijms-19-02103],[@B21-ijms-19-02103]\]. In addition, a number of previous studies have suggested that RF-EMFs emitted from mobile phones mediate stress responses through induction of stress proteins, including heat shock proteins (HSPs), which adversely affect cellular homeostasis \[[@B22-ijms-19-02103],[@B23-ijms-19-02103]\]. Neuroinflammation induced by exposure to RF-EMFs has also been reported but remains a matter of debate \[[@B24-ijms-19-02103],[@B25-ijms-19-02103],[@B26-ijms-19-02103]\]. Furthermore, information related to the biological effects of radiofrequency (RF) radiation is still very minimal, and studies related to these effects on DNA damage and neuroinflammation are still controversial. Therefore, it is necessary to investigate whether long-term exposure to RF-EMFs affects oxidative stress and neuroinflammation in the aging brain. The present study was designed to examine the effect of RF-EMF on age-induced expression of markers for oxidative stress (3-NT and 4-HNE), DNA damage (8-OHdG, p53, p27, p21, γH2AX, Bax, and Bcl-2), apoptosis (cleaved caspase-3 and cleaved poly(ADP-ribose) polymerase 1 (PARP-1)), and glial activation (GFAP and Iba-1) in the mouse brain.

2. Results {#sec2-ijms-19-02103}
==========

2.1. Effect of Long-Term RF Exposure on Age-Induced Oxidative Stress Markers in the Mouse Brain {#sec2dot1-ijms-19-02103}
-----------------------------------------------------------------------------------------------

Oxidative damage was detected by examining the accumulation of 4-HNE and 3-NT as markers of lipid peroxidation and protein nitration, respectively. Immunohistochemical staining illustrated that expression levels were remarkably higher in aged brains than in young (3-month-old) brains (*p* \< 0.05), while no difference was observed between the sham-exposed and RF-exposed groups ([Figure 1](#ijms-19-02103-f001){ref-type="fig"}A). Consistent with the immunohistochemistry results, western blot analysis showed that the RF-EMF did not alter the expression of the two oxidative markers compared with their levels in the sham-exposed group ([Figure 1](#ijms-19-02103-f001){ref-type="fig"}B), suggesting that RF-EMF does not alter age-induced oxidative damage in the mouse brain.

2.2. Effect of Long-Term RF Exposure on Age-Induced DNA Damage {#sec2dot2-ijms-19-02103}
--------------------------------------------------------------

To assess the effects of RF-EMF exposure on markers of age-induced DNA damage, immunohistochemical analysis of 8-OHdG in the cortex tissue was performed. Its expression showed age-related increases in the mouse brain, but no differences were found between levels in the sham- and RF-exposed groups ([Figure 2](#ijms-19-02103-f002){ref-type="fig"}). In addition, western blotting was performed to examine the protein levels of p53, p27, p21, γH2AX, Bax, and Bcl-2 in the mouse brain following RF-EMF exposure, and β-actin was used as the reference protein ([Figure 3](#ijms-19-02103-f003){ref-type="fig"}). The expression levels of p53, p27, p21, γH2AX, Bax, and Bcl-2 tended to increase in aged brain compared with those in young brain, although the increase in the levels of p27, Bax, and Bcl-2 was not statistically significant. After long-term RF-EMF exposure, there were no differences in the levels of p53, p27, p21, γH2AX, Bax, and Bcl-2 in brain tissue of RF-EMF-exposed mice compared with those in sham-exposed age-matched controls.

2.3. Effects of Long-Term RF Exposure on Cleaved Caspase-3 and PARP-1 Expression in the Mouse Brain {#sec2dot3-ijms-19-02103}
---------------------------------------------------------------------------------------------------

Western blotting analysis was performed to examine changes in cleaved caspase-3 and cleaved PARP-1 expression in the mouse brain following long-term RF-EMF exposure. Protein levels increased with aging compared with those in the young-aged group, although the increase in caspase-3 levels was not statistically significant. However, there were no significant differences in cleaved caspase-3 and cleaved PARP-1 expression between the sham- and RF-exposed mice, indicating that long-term RF-EMF exposure did not accelerate age-related apoptotic death in the mouse brain ([Figure 4](#ijms-19-02103-f004){ref-type="fig"}).

2.4. Effect of Long-Term RF Exposure on GFAP and Iba-1 in the Mouse Brain {#sec2dot4-ijms-19-02103}
-------------------------------------------------------------------------

To elucidate changes in neuroinflammation in the mouse brain following RF-EMF exposure, the expression levels of the astrocyte marker GFAP and microglia marker Iba-1 were examined by immunohistochemistry. Both GFAP and Iba-1 expression levels increased significantly with age ([Figure 5](#ijms-19-02103-f005){ref-type="fig"}A,B); however, there was no difference between expression levels in the sham- and RF-exposed brains. Consistent with the results of immunohistochemistry, western blotting analysis showed that long-term RF-EMF exposure did not affect GFAP or Iba-1 expression ([Figure 5](#ijms-19-02103-f005){ref-type="fig"}B). Thus, 8 months of RF-EMF exposure did not affect age-related changes in GFAP or Iba-1 expression in the mouse brain.

2.5. Effect of Long-Term RF Exposure on Locomotor Activity {#sec2dot5-ijms-19-02103}
----------------------------------------------------------

We explored whether long-term RF-EMF exposure affected basic locomotor activity of the mice by an open field test. The young-aged group of 3-month-old mice showed significantly higher velocity and activity as well as a longer traveled distance than did aged mice (*p* \< 0.05). However, no difference between exploratory locomotor activities (measured by average velocity, activity, and total distance traveled) was found in sham- and RF-EMF-exposed mice at the age of 22 months ([Figure 6](#ijms-19-02103-f006){ref-type="fig"}).

3. Discussion {#sec3-ijms-19-02103}
=============

Public concern has been raised regarding the possible health risks of RF-EMFs emitted from mobile phones and Wi-Fi devices, since the use of such devices has increased exponentially in daily life. In addition, exposure to RF-EMF has gradually increased in aging people. Aging is associated with elevated oxidative damage to DNA, proteins, and lipids as a result of unbalanced pro-oxidant and antioxidant activities \[[@B3-ijms-19-02103]\]. A previous study showed that oxidative damage associated with aging as well as several neurodegenerative diseases has deleterious effects on brain tissue \[[@B27-ijms-19-02103]\]. Another study reported that RF exposure at 1800 MHz slightly elevated the concentration of malondialdehyde (MDA) in the brain \[[@B28-ijms-19-02103]\], and a 900 MHz RF-EMF altered oxidative stress but was corrected by withdrawal in male rats aged 16--18 weeks \[[@B29-ijms-19-02103]\]. In the present study, to elucidate whether long-term RF-EMF accelerates oxidative damage in the aging mouse brain, we detected accumulation of 4-HNE, a marker of lipid peroxidation, and 3-NT, a marker of oxidative modification of proteins, in the aged mouse brain. We did not observe differences in oxidative stress levels after RF-EMF exposure, indicating that long-term RF-EMF exposure did not influence age-related oxidative damage in the mouse brain. Although several studies reported that RF-EMF exposure augments oxidative stress in the brain \[[@B30-ijms-19-02103]\], we found no such evidence. This discrepancy in the data may be due to differences in the frequency studied (900 or 1800 vs. 1950 MHz), specific absorption rate (SAR, 2 vs. 5 W/kg), exposure method (localized to the brain vs. whole body), and exposure time (up to 60 days vs. up to 8 months). In addition, there were also differences in age (3 vs. 14 months) at the start of RF-EMF exposure. Therefore, further studies examining temporal changes in oxidative stress after long-term exposure of mice of different ages to RF-EMFs are warranted.

A number of studies have shown the possible adverse biological effects of RF-EMFs on DNA, including an increased risk of cancer. A previous in vitro study reported that RF exposure at 1800 MHz induced single-strand DNA breaks in human lens epithelial cells based on an alkaline comet assay \[[@B16-ijms-19-02103]\]. Furthermore, oxidative damage and mitochondrial DNA defects were detected in primary cultured neurons after 1800 MHz RF exposure \[[@B17-ijms-19-02103]\]. Activation of apoptosis is also considered to be involved in possible damage induced by RF-EMF. An in vitro study reported that 1950 MHz signals induced apoptosis in astrocytes with the involvement of Bax and Bcl-2 \[[@B31-ijms-19-02103]\]. In addition, the expression levels of p53 and p21 were changed in the brains of mice after RF exposure \[[@B32-ijms-19-02103]\]. However, in this study, RF-EMF exposure did not seem to affect the expression of markers for DNA damage in the aged mice. Furthermore, no differences were found in the expression of markers for apoptosis. Thus, these data suggest that 8 months of RF-EMF exposure did not affect DNA damage and apoptosis in the brains of mice. Consistent with our findings, a previous in vivo study showed that DNA damage and apoptosis in rat brains were not affected by exposure to RF-EMFs \[[@B33-ijms-19-02103],[@B34-ijms-19-02103]\]. More comprehensive studies on the effects of long-term RF-EMF exposures of varying duration on neurobiological functions are necessary.

It was previously suggested that astrocytes and microglia were responsive to RF-EMFs. Astrocytes and microglia contribute to the optimal functioning of neurons in the healthy brain, and altered function of either cells impacts neuronal function and consequently cognitive function \[[@B35-ijms-19-02103]\]. It is speculated that any changes in glial activation during aging are key components that influence the pathogenesis of neurodegeneration \[[@B36-ijms-19-02103]\]. Loss of astroglial function and astroglial reactivity contributes to the aging of the brain and to neurodegenerative diseases \[[@B37-ijms-19-02103]\]. An increase in the GFAP expression level was observed after acute and chronic RF-EMF exposure \[[@B38-ijms-19-02103],[@B39-ijms-19-02103]\]. A previous in vitro study indicated that microglia and astrocytes were activated by exposure to an 1800 MHz RF-EMF \[[@B40-ijms-19-02103]\]. However, no changes in the levels of GFAP were observed after a single exposure to 1800 MHz signals \[[@B24-ijms-19-02103]\]. GFAP immunostaining in the cortex and hippocampus showed no changes after the heads of both adult and aged rats were exposed to RF-EMF \[[@B41-ijms-19-02103]\]. In addition, a previous study detected no changes in the Iba-1 expression of microglia in mouse brains after acute or chronic exposure to RF-EMFs based on Iba-1 immunostaining \[[@B26-ijms-19-02103]\]. Consistent with the previous studies showing negligible effects on GFAP and Iba-1 expression levels \[[@B26-ijms-19-02103],[@B41-ijms-19-02103]\], the present study found no differences in the protein levels of GFAP and Iba-1. Thus, these data suggest that 8 months of RF-EMF exposure did not affect age-related increases in astrocyte and microglia marker expression in the mouse brain.

Previous studies have reported that RF-EMFs might affect behavioral function. Nevertheless, there are limited data on the long-term effects of RF-EMFs on basic locomotor activity. Increased anxiety and reduced learning behavior were observed when rats were exposed to a 900 MHz signal for 15 days \[[@B42-ijms-19-02103]\]. However, other studies have reported that exposure to 900--2450 MHz signals did not induce spatial or non-spatial memory impairment in rats \[[@B43-ijms-19-02103]\] or mice \[[@B44-ijms-19-02103]\]. Previous studies reported that sub-chronic RF-EMF exposure (during 3 months) did not alter locomotor activity and glial cells (GFAP-positive astrocyte and Iba1-positive microglia) upon exposure of young mice (12 weeks old) to RF-EMF \[[@B45-ijms-19-02103]\]. Further, following 7 months of RF-EMF exposure in young adult mice, no changes were observed in protein oxidative damage in mouse brains, indicating that chronic RF-EMF exposure might not induce detrimental effects on young-adult mice \[[@B46-ijms-19-02103]\]. Additionally, previous reports indicated that RF-EMF did not affect memory or anxiety-related behaviors in either young-adult \[[@B39-ijms-19-02103],[@B45-ijms-19-02103],[@B47-ijms-19-02103]\] or aged animals \[[@B41-ijms-19-02103],[@B48-ijms-19-02103]\]. To examine the effects of RF-EMFs on basic locomotor activity, we performed an open field test. In the present study, RF-EMF exposure did not alter anxiety-related behavior or activity in aged mice. Therefore, the effects of RF-EMFs on neurobiological functions remain controversial and will require further investigations with long-term analyses.

The limitation of this study is the use of only female mice to account for the potential aggression among older male mice. Although we previously reported no deleterious effects of RF-EMF exposure in both male and female rats on serum hormonal levels \[[@B49-ijms-19-02103]\], the estrous states of female mice should be considered because they play a key role in pathological conditions. Previous studies have reported the potential effects of RF-EMFs on the female genital system. Female mice exposed to 20 kHz EMFs may experience extended estrous cycles \[[@B50-ijms-19-02103]\], which is one of the most important factors in reducing the gestation period in female animals. However, adult female rats that exposed to 50 Hz of EMF did not display significant changes in 17-beta-estradiol levels or in the morphology and weight of the uterus and ovaries \[[@B51-ijms-19-02103]\]. Furthermore, a previous study reported that 1439 MHz of time division multiple access (TDMA) exerts no estrogenic effects in rats \[[@B52-ijms-19-02103]\], suggesting that the effect of EMFs on the female genital system, including the estrous cycle, might differ in accordance with the frequency, energy, and species. Therefore, we cannot exclude the possibility that the estrus states of female animals influence the results. Moreover, further studies on the precise interactions between RF-EMF exposure and DNA damage and/or neuroinflammation in either young or aged mice among both female and male animals are required to determine the precise mechanisms underlying the effects of chronic RF-EMF exposure.

In this study, we assessed the effect of RF exposure on the aging brain based on the 2010 RF Research Agenda by the World Health Organization (WHO), which focused on the effects of RF on aging and neurodegenerative diseases \[[@B53-ijms-19-02103]\]. The present study investigated the effects of long-term RF-EMF exposure on behavioral function; locomotor activity; and markers for oxidative stress, DNA damage, and glial activation. We found no significant effects on locomotor activity after exposure to a 1950 MHz RF-EMF for 8 months. In addition, we detected no effect of the RF-EMF on age-related oxidative stress, DNA damage, or glial activation in the mouse brain, which suggested that 8 months of 1950 MHz RF-EMF exposure did not change neurobiological functions in C57BL/6 mice. Although no significant changes in RF-EMF were observed in the aging brain, we first reported that RF did not affect oxidative stress and inflammation in the aging brain, both being important components in the brain aging process. Therefore, our results may form a basis to resolve public health issues raised by WHO.

4. Materials and Methods {#sec4-ijms-19-02103}
========================

4.1. Animals {#sec4dot1-ijms-19-02103}
------------

Female C57BL/6J mice were obtained from Orient Biotech Co., Ltd. (Gyeonggi-do, Korea). The mice were maintained until 14 months of age and then randomly assigned to two groups: sham exposure (RF (−), *n* = 12) and RF-EMF exposure (RF (+), *n* = 12). RF-EMF exposure was initiated at 14 months of age and terminated at 22 months of age. Three-month-old female mice were used as young-aged controls (3M C, *n* = 5). The animals were housed in a specific pathogen-free facility and were allowed access to a normal diet and autoclaved water ad libitum. All mouse procedures were approved by the Institutional Animal Care and Use Committee of the Korea Institute of Radiological and Medical Sciences (IACUC permit number: KIRAMS2015-0038, 9 June 2015).

4.2. RF Exposure System {#sec4dot2-ijms-19-02103}
-----------------------

Whole-body exposure to a 1950 MHz RF-EMF was performed in a reverberation chamber ([Figure 7](#ijms-19-02103-f007){ref-type="fig"}) (ERE-MRC-1.5; ERETEC, Gyeonggi-do, Korea) designed for in vivo experiments. Detailed descriptions of the system, the uniformity of the field dose, and the SAR have been provided previously \[[@B54-ijms-19-02103]\]. The 1950 MHz RF-EMF signal transduction system is depicted in a flow chart in [Figure 7](#ijms-19-02103-f007){ref-type="fig"}A. The RF-EMF was generated using a microprocessor unit chip on which a WCDMA-formatted code controlled a central processing unit as a source module. Subsequently, the signal was amplified using an additional high-power amplifier (PCS60WHPA_CW; Kortcom, Anyang, Gyeonggi-do, Korea) after it was passed through a separate digital attenuator. An 11-bit digital PIN diode attenuator (Model 349; General Microwave, Farmingdale, NY, USA) was used to control the output power level (maximum: 60 W). The transmitting antennae were purchased commercially (patch type, KCAN1900PA; Korea Telecommunication Components, Gyeonggi-do, Korea), and a computer was used to control the exposure level and duration. The external dimensions of the reverberation chamber were 2295 mm × 2293 mm × 1470 mm; the walls were composed of stainless steel with a thickness of 2.3 mm. To measure field uniformity, five cages were placed in the test area, and the field strength was measured for 1 min at 24 points. The distribution of the electric field inside the chamber was determined using a three-axis isotropic probe (HI-6005; ETS-Lindgren, Cedar Park, TX, USA). Whole-body RF-EMF exposure was executed in a test area in which the RF-EMF was transmitted uniformly ([Figure 7](#ijms-19-02103-f007){ref-type="fig"}B,C), and any difference in field distribution was considerably less than 3 dB. The SAR distribution for each caged mouse was calculated using a mouse phantom (Chungnam National University, Daejon, Korea); the simulation featured 40 tissues and a voxel size of 1 mm. The power output was controlled at 52 W to achieve an average whole-body SAR of 5 W/kg. The reverberation chamber was placed in the animal facility, and the ventilation, temperature, and humidity were controlled. The animals were exposed to a 1950 MHz RF-EMF according to the following schedule: SAR 5 W/kg, 2 h/day, 5 d/week for 8 months. The sham-exposed mice were placed inside the chamber for the same period of time without RF-EMF signal. During RF exposure, the air temperature in the test area was maintained at 20 ± 3 °C.

4.3. Sample Preparation {#sec4dot3-ijms-19-02103}
-----------------------

The mice were anesthetized by intraperitoneal injection of 30 mg/kg tiletamine-zolazepam (Zoletil; Virbac, Carros, France) and 10 mg/kg xylazine (Rompun; Bayer Korea, Ansan, Korea). Animals underwent cardiac perfusion with phosphate-buffered saline before brain harvest. For histological analysis, the left hemispheres of six mice per group and the whole brains of three mice per group were fixed in 4% paraformaldehyde solution. The other hemispheres of six mice per group and the whole brains of three mice per group were stored at −80 °C for western blotting and quantitative real-time PCR.

4.4. Immunohistochemistry {#sec4dot4-ijms-19-02103}
-------------------------

Fixed mouse brains were embedded in paraffin, and embedded tissues were sectioned to 3-μm thickness. The brain from each mouse was sampled at approximately 1.18 mm cranial to the bregma, and a standardized counting area that contained 3 μm thick coronal sections representing the somatosensory cortex region was used. For each mouse, two non-overlapping sections, one from each of the two regions of the cortex approximately 50 μm apart, were analyzed. For antigen retrieval, sections were dewaxed in xylene, rehydrated in gradient alcohol, and boiled in citrate buffer for 30 min. Endogenous peroxidase activity was blocked by incubating the sections in 0.3% H~2~O~2~ in absolute methanol for 15 min at room temperature (RT) for immunoperoxidase labeling, followed by blocking in normal horse serum (S-200; Vector Laboratories, Burlingame, CA, USA). Next, the sections were incubated overnight at 4 °C with each primary antibody: rabbit anti-4-HNE (1:100, ab46545; Abcam, Cambridge, UK), mouse anti-3-NT (1:100, ab7048; Abcam), mouse anti-8-OHdG (1:2500, ab62623; Abcam), goat anti-GFAP (1:500, ab53554; Abcam), and rabbit anti-Iba-1 (1:500, \#019-19741; Wako, Osaka, Japan). The following day, sections were washed with 0.1% Triton X-100 in PBS, incubated with each biotinylated secondary antibody for 30 min at RT, and then washed and incubated for 30 min at RT with an avidin--biotin peroxidase complex (PK-6100; Vector Laboratories) prepared according to the manufacturer's instructions. After the sections were washed, the peroxidase reaction was initiated using a diaminobenzidine substrate (SK-4100; Vector Laboratories) prepared according to the manufacturer's instructions.

Images of stained sections were captured using a BX-53 microscope equipped with a CCD DP73 digital camera (Olympus, Tokyo, Japan). For 8-OHdG analysis, the images were converted to grayscale, and the threshold was adjusted for every image for background subtraction. The optical density of 8-OHdG in the cortex was identified with ImageJ (NIH, Bethesda, MD, USA). All measurements were performed by the same individual who was blinded to the experimental conditions. The sham exposure group was assigned a mean value of 100, and changes are expressed relative to this value. The relative value per group was averaged and is expressed as mean ± SEM.

4.5. Western Blotting {#sec4dot5-ijms-19-02103}
---------------------

Cortical tissues were treated with tissue lysate buffer (Pro-prep^TM^; Intron Inc., Gyeonggi-do, Korea). Protein concentration was measured by the Bradford assay (Bio-Rad, Hercules, CA, USA). The protein samples were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane. Western blot analysis was performed using the following antibodies: rabbit anti-4-HNE (ab46545; Abcam), mouse anti-3-NT (ab7048; Abcam), mouse anti-p53 (\#OP09; Calbiochem, San Diego, CA, USA), rabbit anti-p27 (sc-528; Santa Cruz Biotechnology, Dallas, TX, USA), rabbit anti-p21 (\#2947; Cell Signaling Technology, Danvers, MA, USA), mouse anti-γH2AX (\#05-636; EMD Millipore, Billerica, MA, USA), rabbit anti-Bax (\#2772; Cell Signaling Technology), rabbit anti-Bcl-2 (\#2876; Cell Signaling Technology), rabbit anti-cleaved caspase-3 (\#9661; Cell Signaling Technology), rabbit anti-cleaved PARP-1 (\#9542; Cell Signaling Technology), goat anti-GFAP (ab53554; Abcam), rabbit anti-Iba-1 (\#016-20001; Wako), and mouse anti-β-actin (Sigma-Aldrich, St. Louis, MO, USA). The next day, the membranes were washed with 0.1% Tween-20 in phosphate-buffered saline (PBS) and incubated with each biotinylated secondary antibody.

4.6. Quantitative Real-Time PCR (qRT-PCR) {#sec4dot6-ijms-19-02103}
-----------------------------------------

Total RNA was isolated using TRIzol^®^ Reagent (Molecular Research Center, Cincinnati, OH, USA) and reverse transcribed into cDNA using a ReverTra Ace^®^ qPCR RT kit (TOYOBO, Osaka, Japan), according to the manufacturer's instructions. qRT-PCR was performed using gene-specific primers with Power SYBR^®^ Green PCR Master Mix (Invitrogen, Carlsbad, CA, USA). The full list of primers used can be found in [Table 1](#ijms-19-02103-t001){ref-type="table"}. qRT-PCR experiments were performed on the 7300 Real Time PCR System (Applied Biosystems, Foster City, CA, USA).

4.7. Open Field Test {#sec4dot7-ijms-19-02103}
--------------------

The open field test was performed to assay the general locomotive activity of the mice. Mice were placed in the central area of an acrylic box (45 × 45 × 30 cm, width × length × height), and video tracking was started. Mice were allowed to move freely for 10 min in the open field apparatus. The total track length traveled, activity of each mouse, and the time were tracked in the central region of the apparatus and quantified by the tracking program (Viewer3; BIOSERVE GmbH, Mainz, Germany).

4.8. Statistical Analysis {#sec4dot8-ijms-19-02103}
-------------------------

Data were analyzed by one-way ANOVA for comparisons between groups, using Graphpad Prism (GraphPad Software, Inc., La Jolla, CA, USA). All data are presented as means ± SEM. Significance was considered at *p*-values less than 0.05.
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![Effects of long-term RF-EMF exposure on induction of oxidative damage in aged mouse brains. (**A**) Representative images of lipid peroxidation (4-HNE, upper panel) and protein nitration (3-NT, lower panel) staining in the young-aged (3M C, *n* = 3), sham-exposed (RF (−), *n* = 6), and RF-exposed (RF (+), *n* = 6) mouse brain. Scale bar: 50 μm. (**B**) Western blot images and subsequent quantification graph of 4-HNE and 3-NT. The values are presented as means ± standard error of the mean (SEM). \* *p* \< 0.05 versus young-aged (3M C) group. n.s.: no significance.](ijms-19-02103-g001){#ijms-19-02103-f001}

![Effects of RF-EMF exposure on the protein expression levels of 8-hydroxy-2′-deoxyguanosine (8-OHdG) as determined by histological analysis. Representative images of DNA damage in the sham-exposed (RF (−), *n* = 6) and 8-month RF-exposed (RF (+), *n* = 6) mouse brain. The expression of 8-OHdG was examined by immunohistochemical staining (**upper panel**) and subsequent quantification (**lower panel**). Both sham-exposed and RF-exposed groups showed increased 8-OHdG expression compared with that in young-aged controls (3M C, *n* = 3). Scale bar: 50 μm. The values are presented as means ± SEM. \* *p* \< 0.05 versus young-aged (3M C) group. n.s.: no significance.](ijms-19-02103-g002){#ijms-19-02103-f002}

![Effects of RF-EMF exposure on the protein expression levels of p53, p27, p21, γH2AX, Bax, and Bcl-2 as determined by western blotting analysis. (**A**) Western blot images of DNA damage-related proteins in the mouse brain following RF-EMF exposure. (**B**) The graphs show the quantification of p53, p27, p21, γH2AX, Bax, and Bcl-2 protein levels in young-aged (3M C), sham-exposed (RF (−)), and RF-exposed (RF (+)) mouse brains based on band intensity. The values are presented as means ± SEM. \* *p* \< 0.05 versus young-aged (3M C) group. n.s.: no significance.](ijms-19-02103-g003){#ijms-19-02103-f003}

![Effects of RF-EMF exposure on the protein expression levels of cleaved caspase-3 and cleaved PARP-1 as determined by western blotting analysis. (**A**) Western blotting images of cleaved caspase-3 and cleaved PARP-1 in the mouse brain following RF-EMF exposure. (**B**) The graphs show the quantification of cleaved caspase-3 and PARP-1 levels in the young-aged (3M C), sham-exposed (RF (−)), and RF-exposed (RF (+)) mouse brain based on band intensity. The values are presented as means ± SEM. \* *p* \< 0.05 versus young-aged (3M C) group. n.s.: no significance.](ijms-19-02103-g004){#ijms-19-02103-f004}

![Effects of RF-EMF exposure on the protein expression levels of GFAP and Iba-1 in the aged mouse brain. (**A**) Representative images of astrocytes expressing glial fibrillary acidic protein (GFAP, **upper panel**) and microglia expressing Iba-1 (**lower panel**) in the mouse brain following RF-EMF exposure. Black arrow shows increased expression of GFAP in the cortex area. Inserts show microglia from the cortex. Scale bar: 200 μm. (**B**) Western blot images of GFAP and Iba-1 following RF-EMF exposure. The graphs show the quantification of GFAP and Iba-1 protein levels in the young-aged (3M C), sham-exposed (RF (−)), and RF-exposed (RF (+)) mouse brain based on band intensity. (**C**) Changes in the levels of mRNAs encoding IL-1β, IL-6, TNF in the mouse brain. The values are presented as means ± SEM. \* *p* \< 0.05 and \*\* *p* \< 0.01 versus young-aged (3M C) group. n.s.: no significance.](ijms-19-02103-g005){#ijms-19-02103-f005}

![Effects of RF-EMF exposure on general locomotor behavior of aged mice. The young-aged control (3M C, *n* = 3) group showed increased locomotor activity compared with that of aged mice. However, average velocity (**left**), activity (**center**), and total track length (**right**) did not differ between sham-exposed (RF (−), *n* = 12) and RF-exposed (RF (+), *n* = 12) groups. The values are presented as means ± SEM. \* *p* \< 0.05 versus young-aged (3M C) group. n.s.: no significance.](ijms-19-02103-g006){#ijms-19-02103-f006}

![RF-EMF exposure system. (**A**) Schematic flow chart of RF-EMF signal transduction into the reverberation chamber; (**B**) Diagram of RF-EMF exposure test area in the reverberation chamber; (**C**) Photograph of the inner structure of the reverberation chamber.](ijms-19-02103-g007){#ijms-19-02103-f007}
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Primers used for quantitative real-time PCR (qRT-PCR).

  Gene Symbol   Primer Sequence                                                Product Size (bp)   Source Sequence ID
  ------------- -------------------------------------------------------------- ------------------- --------------------
  *IL-1β*       F: 5′-ACCTTTTGACAGTGATGAGAA-3′ R: 5′-GCTGCTGCGAGATTTGA-3′      128                 NM_008361.4
  *IL-6*        F: 5′-CCTTCCCTACTTCACAAGTC-3′ R: 5′-TTTTCTGCAAGTGCATCATC-3′    187                 NM_001314054.1
  *TNF*         F: 5′-TGGGTTGTACCTTGTCTACT-3′ R: 5′-TGGTATGAGATAGCAAATCGG-3′   102                 NM_013693.3
  *GAPDH*       F: 5′-CAAGAAGGTGGTGAAGCAGG-3′ R: 5′-AGGTGGAAGAGTGGGAGTTG-3′    110                 NM_008084.3

[^1]: These authors contributed equally to this work.
